Drosophila retrotransposons have been shown to have genes for enzymes similar to the reverse transcriptase of retroviruse. They may possibly be involved in genome replication on translocation (15). Identification was made of a primer tRNA for the putative reverse transcription of a Drosophila retrotransposon, 297, and its genomic counterparts using a homology to the putative primer binding site of 297. Our nucleotide sequence analysis indicated a species of Drosophila serine tRNA to have two distinct properties similar to those characteristic of retroviral primer tRNA: its 3'terminal 18 nucleotides are exactly complementary to the putative primer binding site of 297 and its 19th base from the 3' end is modified. These results appear to support the notion stated above and suggest this serine tRNA to be the most likely candidate for a potential primer tRNA of 297.
INTRODUCTION
Copia-like elements (retrotransposons) are members of the largest group of transposons in Drosophila melanogaster (1, 2) , and have been suggested to be intimately related in evolution to retroviruses in vertebrates (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .
Our recent nucleotide sequence analysis indicated these copia-like elements to have sequences coding for reverse transcriptase-like enzymes similar in amino acid sequence to the retroviral reverse transcriptases (17.6 (15,16) , 297 (17) , copia (18) 412 and gypsy (unpublished data)). Copia-reLated viruslike particles with reverse transcriptase-like enzyme activity were also identified in Drosophila cells (14) . Furthermore, Flavell (19) found linear and circular extra-chromosomal copias whose synthesis may be attributable to reverse transcription. Drosophila retrotransposons, mdgl and mdg3. In addition, Boeke e_t a_l. (21) have shown that the trans location of Ty_, a yeast retrotransposon, is to be carried out via RNA intermediates. Thus, it is conceivable that the RNAs of Drosophila and yeast copia-like elements or retrotransposons are generally reverse transcribable.
Proper initiation of retroviral reverse transcription requires a particular species of host cell tRNA as a primer, which can bind to the viral genome RNA via 18 Watson-Crick pairs (22) . The primer tRNA has also been shown to specifically interact with retroviral reverse transcriptase and the high affinity between the enzyme and primer tRNA may possibly be related to opening of the thermostable acceptor stem of the primer and thereafter binding to the primer binding site (pbs) (23, 24) . The majority of Drosophila retrotransposons so far examined are also considered to contain about 20-nucleotidelong sequences similar to retroviral pbs at expected loci (4, 12, 13, 22, 25) . However, no report to date has been published to support the notion that, as in the case of the host cells of retroviruses, Drosophila cells have a set of tRNA whose 3'terminal, 18 nucleotides are complementary to the putative pbs of Drosophila retrotransposons and hence may be expected to function as primers for reverse transcription. However, the presence of a short (11 base pair-long) perfect homology has been found between the putative pbs of gypsy (mdg £)^ and Drosophila lysine tRNA (26) .
In the present communication, a primer tRNA for the putative reverse transcription of a Drosophila retrotransposon, 297, was isolated together with its structural gene. A species of serine tRNA (S4 serine tRNA) was found to hcve the two distinct properties similar to those characteristic of retroviral primer tRNA: S4 serine tRNA not only has the 3'terminal 18 nucleotides exactly complementary to the putative pbs of 297 but also the 19th nucleotide with a modified base from the 3' end. This appears to support the notion that reverse transcription of 297 is carried out using S4 serine tRNA as a primer and by a mechanism very similar, if not identical, to those of vertebrate retroviruses.
MATERIAL AND METHODS

Materials.
The restriction enzymes, DNase and DNA polymerases were obtained from commercial sources.
P-labelled nucleotides were purchased from New England Nuclear. Oligonucleotide probes were synthesized using a Model 380A synthesizer (Applied Biosystems). The total tRNA of D^ m .6jL a .H£S a .£i.££' used only for screening, was kindly supplied by T. Shiba. General Methods.
Restriction enzyme digestions,agarose gel electrophoresis, strbcloning of restriction segments and blot hybridization were carried out essentially as described by Maniatis e_t £^1. (27) . DNA and RNA probes were labelled with 3 P by kination. DNA sequencing was done by a modified dideoxy-chain termination method (18, 28) . Genomic 1 ibrary Screening.
About 4 x 10 lambda phages containing Drosophila genomic DNA inserts (29) were screened with 32 P-labelled oligonucleotide primer or Drosophila total tRNA. Hybridization with a synthetic oligonucleotide was carried out in 6 X SSC (SSC: 0.15M NaCl + 0.015M sodium citrate) supplemented with 10 X Denhardt solution, 0.2% sodium dodecyl sulfate (SDS), and 200 ug/ml of salmon sperm DNA at 42° C for 20 h (30). The filters were washed twice for 10 min in 6 X SSC (30) . The tRNA probe was hybridized in 50% formamide + 5 X SSC at 42° C for 16h; the filters were washed twice with 2 X SSC at 42° C. Purification and nucleotide sequence determination of tRNA. Drosophila total tRNA was extracted from lOOg of adult flies by a Waring Blender using hot phenol (60° C) in 1M NaCl, 20mM Tris-HC1 (pH7.5), lmM EDTA, lOmM MgCl 2 and 0.3% SDS. The total tRNA was fractionated by two dimensional electrophoresis using 10 and 20% polyacrylamide gels as described previously (31) . The tRNA in each spot was extracted,end-1labeled by kination and used as a probe for dot blot hybridization of a mixture of the cloned DNA fragments containing the serine tRNA genes S2, S4 and S17 (see the text for details). Hybridization was carried out as described above. The tRNA which had given a strong positive signal was further purified by electrophoresis in a 15% polyacrylamide-urea gel. The nucleotide sequence of tRNA was determined by the post-1abe1 1 ing procedures as described el sewhere (31) .
RESULTS AND DISCUSSION
Isolation o_f genes for the potential primer tRNA o_f 297 A cloned library of D^ melanogaster embryonic DNA (29) . These fragments were recloned using pOC9 as a cloning vehicle and the partial nucleotide sequence of one of the two strands of each cloned DNA fragment was determined by a modified dideoxy chain termination method (18, 28) using the 297 pbs probe as a primer. In each case, a 69-nucleotide-long, almost identical sequence was found adjacent to the region hybridizable to the used primer(see both thin underlines and arrowed, thick lines labelled X in Fig.2.) . The nucleotide sequence of the opposite strand was also determined by using another sequence primer, whose sequence was complementary to a portion of the 69-nucleotide-long, conserved sequence (see arrowed overlines Y in Fig.2 ). As a result, a highly conserved sequence, 84 nucleotides in length, was found to be included in all three E£oRI fragments. Based on the following four reasons, the 82-nucleotide-long sequences included in the above-mentioned conserved regions and labelled by thick lines S2, S4 and S17 in Fig.2 appear to be the sequences coding for serine tRNA in Dj_ melanogaster. 1) All three sequences form clover leaf structures similar to those of typical tRNA as the most likely secondary structures (Fig.3) . 2) They include nucleotide sequences corresponding to A and B blocks, presumed promoters for transcription of eukaryotic tRNA genes (32, 33; Figs.2 and 3). 3) They are not only highly Partial nucleotide sequences of three EcoRI segments of > STR2 hybridizable to both total Drosophila tRNA and 297 pbs probes. A, EcoRI segment 2 (see Fig.l B) ; B, EcoRI segment 4;C, EcoRI segment 17. Nucleotide sequences were determined using two synthetic oligonucleotides 5'CGCAGCCGGTAGGAT (see underlines labelled X for its hybridizable sites) and 5'CGTGGCCGAGCGGTTA (see underlines labelled Y for its hybridizable sites) as primers. Thin underlines show the nucleotide sequences found to be highly conserved by nucleotide sequence determination using the 297 probe( X) as a primer. Shaded boxes show the locations of the nucleotide sequences similar to those of A and B blocks of tRNA genes (32, 33) . Thick underlines labelled S2, S4 and S17 show the putative coding sequences of Drosophila serine tRNAs (see the text for detail). A possible clover leaf structures of S2, S4 and S17 sequences. The nucleotide sequence shown here is that of S4, whereas asterisks show the nucleotide changes found in S2 and S17.
The nucleotides of S2 at *1,*2,*3 and *4 are T,C,T and G, respectively, and that of S17 at *4 is G. A thick bar labelled a shows the putative anticodons for serine.
Locations of putative A and B blocks (32, 33) are indicated by shaded boxes.
homologous in sequence to rat hepatoma serine tRNA (34; Fig.4A ) but also include potential anticodon triplets corresponding to serine (Figs.3 and 4) . 4) As with other eukaryotic tRNA genes, they do not include nucleotide sequences corresponding to the 3'terminal CCA of tRNA (Fig. 2) .
Identification of the tRNA expected to be transcribed from S4
SL^.H&. iH Drosophila ceU,s
The tRNA which specifically hybridizes to a mixture of the cloned DNA fragments containing the above three putative serine tRNA genes was isolated from a total Drosophila tRNA fraction by polyacrylamide gel electrophoresis. Since only one species of tRNA was found to give a very strong hybridization signal (data not shown), it was purified and its nucleotide sequence determined by post-labelling procedures (31; Fig.5 ). A except for v G', which corresponds to N2,N2,3'-trimethylguanosine; line 3, a putative serine tRNA gene, S4; line 4, a putative serine tRNA gene,S17; line 5, a putative serine tRNA gene, S2. The nucleotide sequence homology between the 3'end of Drosophila serine tRNA (line 2) and the putative pbs of 297 is shown by the box. Asterisks show the nucleotide sequence homology between lines 2 and 3. The bar labelled a indicates the positions of anti-codons. The shaded boxes show the nucleotide changes in S2 and S17 with respect to S4. Analysis of the ^2P-labelled 5'terminal nucleotides of the fragments of S4 serine tRNA by two dimensional thin layer chromatography. Only a portion of the chromatogram showing nucleotide sequences unhomologous to S2 and S17 is presented here. The numerals show the positions from the 5'terminus, while the arrowheads show the modified bases. Asterisks exhibit the locations of bases unhomologous to either S2 or S17 or both. A, adenosine; G, guanosine; U, uridine; C, cytosine; m C, 3-methylcytosine; t/r , pseudouridine; i A, N6-isopentenyladenosine; I, inosine; D, dihydrouridine; Gm, 2'-o-methylguanosine; acC, N4-acetylcytosine. products could not be found in Drosophila cells.
Partial nucleotide sequences of some species of Drosophila serine tRNA have been reported (35) . As far as partial nucleotide sequences are concerned, our S4 serine tRNA is identical to serine tRNA7. However, no serine tRNA corresponding to our S2 and S17 genes has been detected. complementary to the putative pbs of 297 It should be pointed out here that, as in the case of retroviral system, the 3'terminus of S4 serine tRNA and putative pbs of 297 form 18 complete Watson-Crick pairs (see Fig.4B , lines 1 and 2). As with retroviral primer tRNA (22, 36) , the 19th base of S4 serine tRNA from its 3 1 end is modified (1- In model I, reverse transcription is carried out using an intact tRNA as a primer, resulting in a linear DNA element without terminal one base pair (an AT pair) as shown by boxes. Upon circularization and/or integration T and A residues are presumed to be enzymatical ly added to the ends of DNA and the deficiency is eventually repaired.
In model II, tRNA lacking 3'terminal A residue is used as primer as shown by a shaded box. Therefore, in this model, final reverse-transcript is a linear DNA without deficiency. (+) and (-), respectively, show the sense and nonsense strands, while U3 and U5 exhibit the two DNA ends bounded by putative U3 and 05, respectively. methyl adenine; see Fig.4B, line 2) . In the cases of retroviruses, it has been suggested that the polymerases extend the plus strand about 18 nucleotides by copying the tRNA primer up to the position of its first modified base (1-methyl adenine) (22) . Apparently, these extensive similarities in structure between retroviral primer tRNA and Drosophila S4 serine tRNA strongly support the possibility that the RNA of 297 and other Drosophila retrotransposons is reverse transcribable by a mechanism very similar to those of retroviruses in vertebrates and that S4 serine tRNA is used as a primer tRNA on reverse transcription of 297.
In a previous report (37) , the putative pbs of 297 appeared to differ in one respect from those of retroviruses. That is, the right-most base of the left-hand LTR (5'LTR or LTR located at the end of the element begining with U3) and left-most base of the putative pbs overlap each other in 297 (see Figs.lA and  6A ) . Apparently, this type of overlapping causes production of linear 297 DNA lacking terminal one base pair as the final reaction product of reverse transcription of 297. This assumes that genome-sized 297 RNA is reverse transcribed by a mechanism identical to that of retrovirus and an intact S4 serine tRNA is used as a primer (see an illustration in model I of Fig.6B ). Similar LTR-pbs overlapping can also be seen in 17.6 (37), gypsy (mdg_£) (26) and H.M.S.Beagle (11) ( Fig.6A) . However, this is not a general property of Drosophila retrotransposons. In fact, other Drosophi la retrotransposons such as 412 (4), mdg_ 1^ (5), B104 (12) and copia (25) appear to have no LTR-pbs overlapping (Fig.6A) . This indicates that, with respect to LTR-pbs overlap, Drosophila retrotransposons can be divided into two groups, type A retrotransposons consisting of 2_$J_i 17.6, SLY_P_.sy_ and H.M.S.Beagle, and type B retrotrapsposons containg copia, 412 and Bl.0^. Interestingly, it has been shown that type A retrotransposons terminate with 5'AGT...AYT3' (Y = T or C). The insertion of three of these (17.6, 297 and gypsy) takes place in a site-specific fashion, using a target 5'ATAT or TAYA (10, 11, 26, 37, 38) . The nucleotide sequence of a single insertion site of H.M.S.Beagle examined so far was also TATA (11) . Type B retrotransposons as well as retrovirus proviruses are bounded by 5'TG...CA3' and inserted into the chromosome without obvious site-specificity (1, 4, 5, 7, 12, 13) . As illustrated in model I in Fig.6B , the deficiency expected in linear DNA reversetranscripts of type A retrotransposons may be repaired by a mechanism related to either circularization, site-specific integration or both. An alternative, possible mechanism to avoid LTR-pbs overlapping is, of course, that, unlike in the cases of retroviruses, the reverse transcriptases of type A retrotransposons preferentially bind to tRNA without the terminal A residue and use it as an effective primer for reverse transcription (see model II in Fig.6B) . However, by our sequence analysis of reverse transcriptase-like enzyme domains of both type A and type B retrotransposons, no special region possibly capable of discriminating type A from type B enzymes has been found (refs.15,16,18 and our unpublished data).
